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Abstract 


The  diamagnetic  d^-d*  oxo-bndged  dimer  1{W' (»j‘’-C5H5)2{CH3)}2(n-0)j-*  (1-^) 
undcrgcx;s  a  thermal  disproportionation  reliction  in  CD3CN  to  give  the  d*^  monomer 
[W'^  *(i)-''-C5H5)2(0)(CH3)1^  (4'^)  and  the  acctonilnlc-trappcd  d-  monomer 
C5H3)2(CH3)(NCCD3)J^  (S'^-d^).  The  reaction  is  first  order  m  1-’*^,  and  'H  NMR  kinetic 
studies  bclueen  54®C  and  72®C  have  established  that  there  is  a  large  cnihalpic  barncr  to 
disproportionation  with  AH^  =  33  7  ±  1.7  kcal  mole  *  and  a  significant  positive  entropy  of 
activation  for  this  dissociative  process  (AS^  =  25  1  ±  5  2  cal  K  ’  mole  ').  corresponding 
to  AG^^  =  26  23  kcal  mole  *  at  25®C.  The  dimer  I-'*'  is  also  subject  to 
photexiisproportionation,  and  the  barrier  to  thermal  disproportionation  of  1-“'^  is  sufficiently 
large  to  allow  determination  of  the  quantum  yield  for  phouxlisproportionation  of  1-+  to  4^ 
and  5+  in  CH3CN.  The  reaction  was  readily  monitored  by  electronic  spectroscopy,  since 
the  only  visible  absorptions  in  electronic  spectra  of  4+  and  5+  arc  the  tails  of  UV 
absorptions  at  330  nm  (e  =  525  L  mole  *  cm  *)  and  400  nm  (e  =  398  L  mole  *  cm  *), 
respectively,  while  l-"^  has  a  strong  absorption  at  525  nm  (e  =  23,600  L  mole  *  cm  ')  in 
the  region  characteristic  of  d*-d*  dimers  spin  paired  by  a  linear  0x0  bridge.  Quantum  )icld 
determinations  established  that  1-+  photodisproportionates  when  irradiated  in  the  UV 
(*^310  =  0  081)  and  w  hen  irradiated  into  the  principal  visible  absorption  (<l>53o  =  0.014). 


Introduction 


VVc  recently  reported  that  fciToccnium  oxidation  of  (iV*’-C5H5)2(CH3KOCH3)l 
in  methylethylkctonc  (MEK)  led  to  formation  of  a  W{V)  dimer 

C5H5)2(CH3)}2(p-0)llPF6)2.  (IlPFf,!:).  established  crystallographicall)  to  ha\c  a  linear 
0X0  bridge  between  the  two  metal  centers  ’  This  material  is  diamagnetic  UHh  in  solution 
and  in  the  solid  slate,  despite  the  forma!  d*-d’  electron  count,  and  this  can  be  altnbutcd  to 
n-interaclions  between  the  frontier  orbitals  of  the  metal  centers  and  a  filled  p-orbital  of  the 
bridging  oxygen  atom.--^ 

The  best  know  n  class  of  molecules  in  which  a  linear  oxo  bndge  spin  pairs  two  d’ 
centers  are  the  Mo{V)  oxo  complexes  in  w  hich  a  [Mo^ eorc.^  containing  two 
mutually  syn  or  anti  terminal  oxo  ligands  perpendicular  to  the  Mo  O-Mo  axis,  is  complexed 
by  four  bis-ehelatc  dithic/carboxylate-type  ligands  such  as  an  xanlhate  ((S2CORI 
dilhiocarbamatc  ((S2CNR2]  or  dithiophosphate  (lS2P(OR)2]  )  ligand. T*  It  is  well 
established  that  many  of  these  (Mo''203{S2EXn)4l  complexes  arc  in  thermal  equilibrium 
with  their  Mo(!V)  and  Mo(VI)  disproportionation  products  {Mo^^O(S2EXn)2l  and 
[Mo'^  l02(S2EXn)2l,^  *  ’  and  we  recently  reported  that  in  the  dilhiexarbamate  sjstcm  such 
equilibria  can  be  photo-drix  cn  to  give  rise  to  marked  pholochromic  behavior,  .*s  established 
in  the  specific  cases  of  [Mo' 203{S2CN(CH2Ph)2}4]  (2)  and  the  isologous  complex 
[W'^203{S2CN(CH2Ph)2}4]  (3)  We  suggested  that  this  new  class  of  pholochromic 
transition  metal  complexes  might  find  useful  technical  applications  in  the  areas  of  optical 
memor)  systems  and  phtitiircsisis,’-'  but  determining  the  quni  iiiaine  chaiacicrislics  il  the 
pholochromic  behavior  was  difficult  in  the  dithiocarbam.ite  systems  because  of  the  rapidiu 
of  the  thermal  recombination  reactions. 

Our  initial  sjnthctic  reactions  readily  established  that  1-+,  like  2  and  3.  undcrgixs 
facile  phoUxiisproportionation.  ’  In  the  presence  of  CD3CN  as  a  trapping  agent  this  results 
(Scheme  I)  in  clean  photohsis  to  gi\e  [W'*(q‘’-C3H5)2(0)(CH3)j'^  (4“^)  and  lW*'(q5. 
C.-^H5)2(CH3)(NCCD3)]'^  (5+-d3),  but,  in  sharp  contrast  w  ith  the  eases  of  2  and  3,  this 


iKcurs  under  conditions  under  u  hich  thermal  disproportionation  is  slow  This  meant  (hat 
1“^  provided  the  first  case  in  which  it  was  feasible  to  study  indepcndcniiv  the 
phv^tochcmical  and  thermal  disproptmionalion  of  a  d'-d’  dimer  with  a  linear  o\o  bridge, 
and  we  now  wish  to  rcps’irt  quantum  yields  for  the  pholixlisproportnrnation  of  1-^  m 
CH3CN  and  kinetic  parameters  for  the  thcmial  disproportionation  of  1-*  in  CD3CN 

Experimental  Section 

General  Procedures.  All  manipulations  were  carried  out  under  a  dry,  oxygen- 
free  nitrogen  atmosphere  by  mciins  of  dry  box  or  standard  Schicnk  techniques  Acetonitrile 
(CH3CN)  was  distilled  rom  CaHs  before  use.  Dcutcratcd  acctonitnic  (CD3CN,  99  5'^  D, 
Aldrich),  and  dcuterated  nitromethane  (CD3NO2,  999i  D,  I'jf  v/v  TMS,  Aldrich)  were 
degassed  bj  dry  nitrogen  purge  before  use.  Ethylene  glycol  was  used  as  received  from 
Aldrich  Chemical  Co.  Electronic  spectra  were  recorded  on  an  IBM  9430  UV-VIS 
spectrometer,  fitted  with  thermostatted  cell  holders,  while  the  solution  temperature  within 
the  cells  was  kept  constant  by  means  of  a  circulating  bath  of  50^^  aqueous  ethy  lene  glycol. 
*H  NMR  spectra  were  recorded  on  a  Brukcr  AF  300  spectrometer  at  300  MH?.;  spectra 
were  recorded  using  the  sohent  signal  as  an  interna!  standard  Photolyses  were  performed 
using  an  Oriel  200  Watt  mercury  -xenon  arclamp  as  a  light  source  and  Oriel  interference 
filters  were  used  as  monochromators. 

The  compounds  ({W^ (r]5.C5H5)2(CH3)}2(p-0)][PF6l2.  (IIPF6I2). 
C5H5):{0)(CH3)JPF6,  (4PFo),  and  (Wl^  (n^-C5Hs)2(CH3)(NCCH3)jPF6.  (5PFf,),  were 
all  prepared  according  to  previously  published  methods.  1 

Variable  Temperature  *H  NMR  Studies,  'H  NMR  spectra  were  recorded  on 
a  Bruker  AF  300  spectrometer  at  300  MHz.  Temperatures  w  ithin  the  NMR  probe  were 
controlled  by  a  Bruker  >aiiable  temperature  unit,  which  was  calibrated  against  boiling  and 
freezing  distilled  H2O,  and  were  monitored  before  and  after  each  trial  by  monitoring  the 


chemical  shifts  of  ethylene  glycol  resonances  A  topical  trial  involved  the  holding  of  a 
sample  of  llPFob  (ca  5  mg.  0  (X)5  mmol)  and  0  5  ml.  of  CDxCN  into  an  NMR  tube  in  a 
darkened  room.  The  tube  was  maintained  at  -1^°C  in  the  dark  until  the  NMR  probe  had 
been  brought  to  temperature.  Just  prior  to  loading  into  the  probe,  the  sample  tube  uas 
shaken  several  times  to  effect  dissolution  of  llPFnh 

The  rate  of  thermal  dispropiortionation  of  1-*  in  CDyCN  was  measured  by 
quantitatively  monitoring  the  disappearance  of  the  cyclopcntadicn>l  resonance  of  1-^  via 
integration.  To  obtain  quantitative  information  from  the  NMR  spectra,  the  long  proton 
translational  relaxation  lime  (T ])  of  the  cjclopentadicnyl  protons  in  (Ti  =  2  13  s  -  T] 
values  were  measured  by  the  inversion-rccovcrx  method  and  analyzed  by  Brukcr  AROO 
software)  required  that  a  long  pulse  delay  be  emploved  to  ensure  full  relaxation  between 
pulses,  for  this  reason  a  pulse  delay  of  >  5Ti  was  used.  Five  sequential  summed  FID's 
were  used  to  generate  the  spectrum  for  each  point  in  the  kinetic  analysis,  the  time  at  which 
the  third  FID  was  accumulated  was  taken  to  be  the  time  at  which  the  obsen  cd  spectrum  had 
been  recorded.  This  process  allow  ed  approximately  10  -  30  time  points  to  be  collected 
during  the  1  -  5  h  experiment  duration  at  each  temperature. 

The  first-order  rate  constants  (k{)  for  the  thermal  disproportionation  of  in 
CDyCN  were  obtained  from  the  slopes  of  plots  of  Infll-^jo/Il-"^)!)  versus  time  (t)  at  nine 
different  temperatures.  The  ln([l-+]o/[l-'*^]i)  versus  l  plots  were  all  linear  for  at  least  3 
half-lives.  The  free  energies  of  activation  (AG^)  for  the  disproportionation  at  each 
icmpcraiuic  were  then  calculated  from  the  ki  values  b\  means  of  the  Evting  equation. 
taking  the  transmission  coefficient  k  =  I  as  is  usual  in  dy  namic  NMR  studies.  The 
activation  enthalpies  and  entropies  (AH^  and  AS^)  were  calculated  from  the  intercept  and 
slope  of  plots  of  AG^  versus  temperature  (T). 

The  reported  errors  in  kj  and  temperature  represent  one  standard  deviation  from  the 
least-squares  fit  of  the  experimental  data,  whereas  the  uncertainties  in  AG^  were  calculated 


according  to  the  equation  dcn\cd  b)  BinschJ^  Uncertainties  in  and  AS^  ucrc 
estimated  from  extreme  least-squares  fits  for  AG^  versus  T  plots 

Quantum  Yield  Determinations.  Quantum  yields  ucrc  determined  in  a  manner 
similar  to  that  rcpi^rtcd  by  Wegner  and  Adamson  for  the  measurement  of  the  pholoaqualion 
of  Rcincckc’s  salt.  An  air  cooled  200  Watt  Oncl  mercury -xenon  arclamp  was  used  as  the 
light  source  and  the  light  was  collimated  to  give  a  beam  of  about  1  cm-  in  area  u  hich  was 
passed  through  a  ua>cr  filter  and  a  variable  iris  before  monochromati/ation  by  appropriate 
interference  filters  (Oriel,  310  and  530  nm).  The  collimated,  montxrhromatic  light  beam 
was  passed  through  sample  cells  in  a  brass  thermostated  cell  holder,  the  temperature  of 
w  hich  was  controlled  to  ±  0.2‘’C  using  a  circulating  bath  of  5O0f  clhslcnc  glycol/H^O  The 
temperature  w  ithin  the  cell  holder  was  monitored  by  a  Fluke  K-type  thermocouple. 
Absorbances  of  irradiated  samples  were  measured  by  rapidly  transferring  the  cells  to  an 
IBM  9430  spectrometer  fitted  w  ith  a  second  thermostatted  cell  holder,  w  hich  was 
connected  to  the  same  circulating  bath  as  the  irradiation  cell  holder  through  glass  T-joinls 
and  insulated  rubber  tubing.  The  lamp  output  was  determined  immediately  before  each 
quantum  yield  measurement  by  means  of  an  Abcrchromc  540  chemical  actinometer.  This 
consisted  of  a  toluene  solution  of  the  heterocyclic  fulgide,  (E)-a-(2,5-dimcthyl-3-furyl- 
cthylidcnc)(isopropylidcne)succinic  anhydride*^  of  known  concentration  and  volume 
sealed  inside  a  1  cm  quartz  cell  under  vacuum.  Abcrchrome  540  undergoes  a  highly 
reversible  coiirotalorN  nng-closurc  reaction  to  gi\c  deep  red  7,7a-dih\dro-2,4,7,7.7a- 
pcntamcthylbcnzo(^]furan-5,6-dicarboxync  anhydride,  and  the  known  quantum  yields  for 
the  forward  and  reverse  reactions  were  used  to  measure  intensities  in  the  310-370  nm  and 
436-545  nm  ranges  respective!)  from  plots  of  the  absorbance  increase  or  decrease  at  494 
nm  versus  time  and  application  of  the  relation:  I  =  (V/<I>a  ca  l)(AA/t)  where  I  is  the  intensity 
in  cinstcin  see  *,  V  is  the  solution  volume  (3  00  x  10  ^  L),  Oa  is  the  forward  or  reverse 
quantum  yield  for  Abcrchrome  540  photol)sis  (0  20  and  0  06).  fa  is  the  extinction 


coefficient  for  Abcrchromc  54()  at  494  nm  (S.2(X)  L  mole  ^  cm  ’),  1  is  the  cell  length  (I  (X) 
cm),  and  AA/l  is  the  slope  from  the  absorbance  versus  time  plot  (sec  l) 

After  the  lamp  intensity  measurement,  sample  solutions  of  known  volume  were 
allowed  to  equilibrate  thcrmalh  in  the  dark  for  at  least  10  min  and  were  then  irradiated  for 
periods  such  that  absorbance  at  525  nm  decayed  no  more  than  10-15^  from  the  absoibance 
at  t  =  tQ.  Concentrations  of  sample  solutions  were  chosen  such  that  the  absorbance  at  the 
irradiation  wav  elength  was  >  17  absorbance  units  (>  98^^  incident  intensity  absorption) 
and  that  the  absorbance  at  the  measuring  wavelength  (525  nm)  was  no  larger  than  2  2-23 
absorbance  units  to  ensure  readability.  Quantum  yields  <t>  were  determined  from  the  slope 
of  plots  of  AA  at  500  nm  versus  t  by  means  of  the  same  relationship  as  that  above  Each 
quantum  yield  reported  at  a  prarticular  wavelength  is  the  average  of  three  values  obtained  in 
independent  runs. 

Results  and  Discussion 

Thermal  Disproportionation  of  MPFeb.  The  NMR  spectrum  of  in 
CD3CN  is  straightforward,  and  contains  a  large  singlet  at  6  6  09  assigned  to  the 
cyclopcnladicnyl  rings  and  a  singlet  at  6  0.88  (w  ith  2  4  Hz  satellites)  assigned  to  the 
methyl  group.  The  absence  of  other  signals  establishes  that  is  the  only 
cyclopcntadienyl-containing  complex  present  in  solution,  and  that  I-'*'  is  therefore 
kinctically  or  thermodynamically  stable  w  ith  respect  to  disproportionation  in  CD3CN  at 
room  temperature.  At  higher  temperatures,  however,  new  evcloponuidicnvl  signals 
appeared  at  6  5  16  and  6  58  and  new  methyl  signals  appeared  at  6  0  22  and  1.28  in  the  'H 
NMR  spectrum  of  a  sample  of  1-^  in  CD3CN.  The  new  cv  clopentaJienyl  signals  were  of 
equal  intensity  and  were  kxrated  on  either  side  of  the  original  cvclopenladicnyl  signal  of 
1-+,  and  the  new  methyl  signals  were  similarly  of  equal  intcnsitv  and  on  cither  side  of  the 
original  methyl  signal.  Comparison  of  the  new  signals  with  those  of  authentic  samples’ 


8 

pcnniltcd  unambiguous  assignment  to  the  expected  disproportionation  prtKlucls  4+  and  5^, 
pnxjuccd  as  px;r  Scheme  I. 

We  have  determined  the  kinetics  of  the  thermal  dispn^ptirlionalion  reaction  b\ 

NMR  spectroscopy  at  temperatures  from  54‘’C  to  72°C  using  solutions  v\hich  were  ca  3 
mmol  L  '  !-■*■  in  CDjCN  (see  Experimental  Section  for  details  of  sample  prcparatior’  and 
spectra  acquisition).  The  reaction  is  remarkably  clean  and  the  disappearance  of  1-^  was 
followed  by  monitoring  the  change  in  the  integration  of  the  cxclopcntadicnyl  signal  of  1-+ 
relative  to  the  solvent  signal.  It  was  assumed  that  the  integration  is  directly  proportional  to 
the  concentration  of  Data  were  plotted  assuming  first-order  kinetics  in  (1-’'] 

(as  confirmed  bj  the  linearity  of  the  plots  to  three  half-lives)  and  a  rcprc.scntali\c  plot  of  In 
(ll“‘^]o[I"^lt)  's  time  is  shown  in  Figure  1.  The  slopes  of  these  plots  were  used  to 
obtain  the  first-order  rate  constants,  kj,  and,  hence,  the  free  energies  of  activation.  AG^,  as 
summarized  in  Table  11. 

The  separation  of  AG^  into  its  cnthalpic  and  entropic  components  allowed  us  to 
determine  that  there  is  a  large  cnthalpic  barrier  to  disproportionation  of  (AH+  =  33  7  ± 

1.7  kcal  mole'O  but  that  formation  of  the  transition  state  is  entropically  favored  w  ith  a 
positive  entropy  of  acti\  alion  (AS^  =  25  1  ±  5.2  cal  K"^  molc'^).  This  value  is  reasonable 
for  a  dissociative  reaction,  although  the  significance  of  the  value  is  limited  by  the 
uncertainty  in  its  determination  (this  uncertainty  largely  reflects  the  narrow  temperature 
range  over  which  it  was  practical  to  collect  kinetic  data  -  the  lx:)iling  point  of  CD3CN 
provided  an  upper  b'lund,  while  the  sharp  icmpcruturc  dcix'ndcncc  of  the  relation  meant 
that  the  time  scale  of  kinetic  runs  exceeded  the  rcasernabl)  available  blexks  of  NMR  time 
before  the  temperature  could  be  lowered  further  than  54°C).  The  large  AH^  could  reflect 
the  cnthalpic  cost  of  marked  charge  transfer  in  the  transition  state  for  disproportionation. 

It  is  appropriate  to  compare  the.se  data  w  ith  the  values  rc|X)rtcd  by  Tanaka  ct  al  for 
the  disprofxjrtionation  of  lMo''203(S2HXf,)4]  (SyFiXn  =  S2CNEt2.  S2P(OEt)2.  S2PPh2)  in 
1 ,2-dichlor(x;thane  on  the  basis  of  concentration-jump  kinetics  experiments  '  ’  The  AG- 


values  for  1-^  arc  7-8  kcal  molc  l  larger  than  ihnsc  for  ihc  molybdenum  complexes,  in 
reasonable  agrccmcnl  with  the  increased  kinetic  slabilitx  of  1-^.  but  it  is  difficult  to  see 
uhy  the  molsbilcnum  complexes  should  have  negligible  entropies  of  activation  for 
disscKiation  as  rcp».tncd.  If  this  is  correct,  it  implies  that  AH^  values  for  the  molybdenum 
sj  stems  are  only  half  that  which  we  have  observed  for  1-'*^,  and  the  molybdenum  data  can 
only  be  reconciled  w  ith  that  for  1*+,  and  with  the  nature  of  the  reaction,  if  the  transition 
state  for  disproportionation  of  lMo'^203(S2EXn)4l  complexes  is  much  earlier  along  the 
reaction  coordinate  than  it  is  for  1“+.  This  could  be  the  ease  if  disprojxmionation  is 
essentially  initiated  by  a  charge  transfer  which  dominates  the  transition  state  -  reduced 
stability  of  the  4+  oxidation  state  in  the  5d  tungstcnoccnc  dimer  could  markedly  increase  the 
enthalpic  cost  of  such  a  charge  transfer.  It  should  be  noted,  however,  that  this  might  be 
expected  to  be  a  general  factor  in  the  kinetics  of  dispropx^irtionation  reactions  of  d*-d* 
dimers  w  ith  linear  o.xo  bridges,  and  we  have  seen  no  qualitativ  e  evidence  for  significant 
differences  between  the  photochromic  behavior  of  (Mo'‘ 203{S2CN(CH2Ph)2}4]  and  of 
[W'>'203{S2CN(CH2Ph)2}4].^- 

Photodisproportionation  of  lIPFeh  in  CH3CN.  We  have  previously 
reported  that  solutions  of  1[PF6]2  in  CD3CN  exhibit  marked  photosensitivity,  dccolori/jng 
in  bright  sunlight  to  give  a  mixture  of  [W' •(rp'’-C5H5)2(0)(CH3)]+  (4+)  and  the  trapped 
\V(IV)  photodisproportionation  product  (WW(nXC5H5)2(CH3)(NCCD3)j+  (S+-d^).^  This 
reaction  is  remarkably  clean  (see  Figure  2),  and  this,  logeihcr  with  the  anticipation  on  the 
basis  of  the  thermal  disproportionation  studies  that  dispropevrtionation  is  not  kinetically 
accessible  at  room  temperature  (I1/2  =  33  d  at  25'’C),  suggested  that  photolysis  of  in 
acetonitrile  w  ould  be  suitable  for  quantum  y  ield  determinations.  This  was  confirmed  by  a 
Beer's  I^w  plot  of  the  visible  maximum  in  the  electronic  spectrum  of  1-+  in  CH3CN  at 
28®C,  w  hich  was  linear  (R-  =  TOO)  from  concentrations  of  2  49  x  10  mol  L  '  to  8  30  x 
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10  -'’  mole  L  *  and  alkmcd  dclcrrm nation  of  the  c\tincli(m  a'clficicnt  at  525  nm  as  23.600  L 
mole  *  cm  *. 

The  strong  visible  absorption  of  I-+  at  525  nm  (see  Figure  3  and  Table  111)  offered 
an  obvious  approach  to  monitoring  the  photolysis  using  the  decrease  in  absorbance  at  this 
\\a^  clcngth.  and  inspection  of  the  electronic  spectra  of  the  photoh  sis  prtxiucls  4+  and 
(Figure  4  and  Table  III)  established  that  this  would  be  straightforward  expcrimcntalh  since 
neither  of  the  products  have  electronic  absorptions  in  this  region.  Monitoring  at  525  nm 
allowed  detennination  of  the  quantum  \iclds  for  photodispropcirtionation  of  1-"^  in  CHjCN 
following  irradiation  at  310  nm  and  530  nm  as  described  in  the  Experimental  Section  and 
reported  in  Table  IV. 

The  quantum  yields  for  photodisproportionation  of  1-*  arc  mixieratc  in  both  the 
UV  and  visible  regions  of  the  spectrum,  but  show  marked  \\a\  elength  dependence.  The 
main  visible  absorption  is  photoactive,  establishing  that  this  energy  is  above  the  threshold 
lor  disproportionation,  but  <I>3io  :  <1^530  =  6,  suggesting  that  the  di  soc'ativc  state  is  not  the 
lowest  photoexcilcd  state  but  could  be  a  derived  state  which  can  be  more  efficiently 
populated  from  higher  excited  states.-*^  This  argument  is  consistent  with  our  observation 
that,  although  an  intense  visible  absorption  at  ca  5(X)  nm  is  an  almost  universal 
characteristic  of  d’-d*  dimers  spin  paired  through  a  linear  oxo  bridge,-’  this  absorption  is 
photoactive  w  iih  respect  to  disproportionation  in  some  sjstems  (such  as  1-^  and  the 
dithiocarbamate  complexes  2  and  3)  but  is  photoinactivc  in  other  s)  stems  (such  as  the 
dithiophosphatc  cv)mplcxcs  [Moy'^  03{S2P(0R)2}4]  (R  =  El.  Ph,  Mc)).^ 

Since  CH3CN  is  such  an  effective  trapping  reagent,  it  uas  unclear  how  important  a 
role  the  CH3CN  played  in  driving  the  photodisproportionalion  reaction.  This  was  a 
particularly  central  point  to  address  in  light  cf  Tyler's  elegant  demonstration  that 
phoUxiisprop(5rtionaiion  of  [{Mo(ii^-C5H5)(CO)3}2]  and  related  dimers  involves  initial 
homol)sis  follow  ed  by  ctxjidi  nation  of  a  donor  ligand  to  form  a  l9-c!cctron  species  from 
which  the  electron  transfer  step  cKcurs.-- 


The  langc  of  ptncnlial  altcrnaU\c  soI^cnls  was  limited  b\  the  need  for  a  highly  p»)lar 
solxcnl  todissohe  diealionic  I-"*  but  we  were  able  to  piobc  the  imporlanec  of  the  M)i\cnl 
b\  photoh/mg  IIPF^I^  in  the  less  coordinating  solvent.  CH;NO;  This  clearly 
established  that  the  presence  of  Cil3CN  was  not  ncccssars  to  phr'lodisscKiate  1-*.  since 
solutions  of  !-■*■  in  CH3N02did  change  from  purple  to  >cllow  in  color  following 
photohsis.  Monitonng  of  this  reaction  by  ’H  NMR  in  CD3N'02  revealed,  however,  that 
the  reaction  had  generated  the  pure  W(V1)  complex,  4^  .  no  signals  could  be  observed 
from  the  W(IV)  complex,  S*.  This  suggests  that  photodisprcifxirtionation  is  occurring,  but 
that  the  W(IV)  complex  5^  is  sufficiently  reactiv  e  to  abstract  an  O  atom  from  CD3NO2  We 
had,  therefore,  been  unable  to  eliminate  solvent  effects  from  the  photolysis  'caction, 
although  we  had  also  established  that  the  presence  of  a  nitrile  trapping  reagent  is  not 
required. 

These  experiments  leave  the  exact  mechanism  of  the  photrxlisproportionation  step 
undetermined.  Since  the  reduction  docs  require  a  metal  to  metal  charge  transfer  at  some 
stage,  however,  it  is  tempting  to  speculate  that  this  may  invoh  c  an  inorganic  example  of  the 
Sudden  Polarization  Effect,-^  and  experiments  to  test  this  hypothesis  are  underway  in  the 
laboratory. 

Conclusions 

The  spin  paired  d*-dl  0x0  bridged  dimer  l{W(ii^-C5H5)2(CH3)}2(n-0)]“+  (1-+) 
undcrgixis  first-order  thermal  disprofKvrtK'nalion  at  mixJcralcly  elevated  lcm[.x’raturcs  in 
CD3CN  to  give  the  d^  0x0  complex  [W(n-‘'-C5H5)2(0)(CH3)p  (4^)  and  the  d--acclonitnIe 
trapped  d-  complex  lW(q5-C5H5)2(CH3)(NCCD3)j'^  (S'^-d-^)  The  large  enthalpy  of 
activation  and  favorable  entropy  of  activation  arc  consistent  with  a  dissociative  transition 
state  in  which  an  enthalpically  expensive  charge  transfer  is  well  advanced.  The  resulting 
half-life  of  33  d  at  25®C  is  sufficient  to  allow  independent  study  of  the  analogous 
photodisproportionation  of  I-+.  This  gives  an  equimolar  mixture  of  4^  and  S*,  and  the 


nxxlcst  quantum  yield  for  irradiation  in  the  visible  region  suggests  that  the 

loucsl  pliotocxcited  state  docs  not  lead  diiecll}  to  disprop^^rlu'nation  but  that  this  iKturs 
from  a  denied  excited  slate  which  can  be  more  cfficienth  accessed  b>  UV  irradiation  (dytiu 
=  0  081). 
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Figure  1.  Reprcscnlatisc  first-order  kinetics  plot  for  the  thermal  disproportionation  of 
({VVV(^3.C3H5):(CHr)}2(p-0)llPl-f,l2(l{PF(,l2)  in  CD.^CN  at  331  5  K 


Figure  2.  ’H  NMR  spectrum  of  a  solution  of  ({ W'' (i)''-CsHs)2(CHji)}2(fi-0)j(Pfv,|2 
(I[PF6]2)  in  CD3CN:  (a)  before  and  (b)  after  photolssis 

Figure  3.  Electronic  spectrum  of  l{W''’(ii^-C5H5)2(CH3)}2(M-0))(PFfJ2  (MPPnl:)  >n 
CH3CN, 

Figure  4.  Electronic  spectra  in  CH3CN  of:  (a)  •(»j-'^-C5Hs)2(0)(CH3)]PF(,  (4PF7,) 

(b)  (WIV(,,xc5H5)2(CH3)(NCCH3)]PF6  (SPFe). 
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Table  1.  Summarj  of  'FI  NMR  Spectra  for  Complcvcs 

4\  and  5*  in  CDrCN 

Compound 

Chemical  Shift  /  6 

MPFbl:  1{W(ii>-C5H.s)2(CH3)}2(p-0))(PF6)2 

6  09  (s.  20  H.  4  CsHs). 

0  88  (s.  6  H.  2  CHO 

4PF6  lW0,5-C5H5)2(O)(CH3)lPFt, 

6  58  (s.  10  H.  2  C5H5), 

1  28  (s.  3  H.  CH3) 

5PF6  IW(ii5-C5H.s)2(CH3)(NCCD3)]PF6 

5  16  (s.  10  H,  2  C5H5). 

0  22  (s.  3  H.  CH3) 

Table  11.  First -order  rate  constants  (kj)  and  free  energies  of  activation  (AG+)  for 
disproportionation  of  (i]5-C5H5)2(CH3)}2(fi-0))[PF6)2  in  CD3CN  at  various 
temperatures  (T). _ 


T/K 

ki  X  105 /sd 

AG+  /  kca!  mole  ’ 

327  ±  0.3 

7.78  ±  0  35 

25.4  ±  0  1 

330  ±  0  3 

8.47  ±  0  40 

25  6  ±  0  1 

332  ±  0.3 

13  8  ±  6  2 

25  4  ±  0  1 

337  ±  0.3 

31.2  ±  15 

25  3  ±  0,1 

338  ±  0.3 

32  6  ±  16 

25  3  ±  0  1 

340  ±  0.3 

43. 1±  2  0 

25  3  ±  0  1 

342  ±  0.3 

68.9  ±36 

25.1  ±  0  1 

343  ±  0.3 

79  3  ±  4  0 

25  1  ±  0  I 

345  ±  0.3 

112  ±  6 

25  0  ±  0.1 

Table  III. 

Electronic  Spectral  Bands  of  Complexes  I-*. 

4^  and  5*  in  CH3CN 

Com|Xiund 

Absorption  maxima. 

cm  *  \  10  (log  r) 

IIPF0I2 

({\VV(qXC3H3)2{CI!3)}2(M-0)||PF6l: 

10  0  (4  37).  25  4  (3  49). 

32  3  (4  20).  37  9  {3  99) 

4PF6 

[WV1(,,5.C5Hs)2(0)(CH3))PF6 

30  3  (2  72) 

5PF6 

(WlV(q.\C3H3);,(CH3)(NCCH3)lPF6 

25  0  (2  60) 

Table  IV.  Disappearance  quantum  fields  for  the  525  nm  band  of  f{W'‘ (»]“’- 
C5H5)2(CH3)}2(p-Q)]lPF6l2  in  CH3CN  at  28  0°C. 


k  (nm) 

cone.  X  10^ 

(mole  L  *) 

intensity  x  10^ 

(cinstcin  sec'O 

AA/t  X  ICH 

(seed) 

Quantum  xicld, 

<P 

310 

1.47 

3  59 

22  5 

0  080 

•s  *>  g 

0  081 

23.4 

0  083 

avg.  0.081 

530 

1  04 

1  39 

1  57 

0.014 

1  60 

0.015 

1  52 

0  014 

avg.  0  014 
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